The first interstellar object Oumuamua is discovered in 2017. When it travels in interstellar space, it keeps colliding with interstellar medium (ISM). Given a sufficiently long interaction time, its rotation state may change significantly because of the angular momentum transfer with interstellar medium. This research first obtains the torque curve and rotation evolution of the asteroid that collides with interstellar medium by numerical simulation. Several kinds of shapes are generated by method of Gaussian random sphere: spheroidal, oblate, prolate shapes. A pseudo Oumuamua is generated with the dimension ratio 7:1:1. The results show that asteroids will ultimately spin up and incline to a stable orientation such that its axis of maximum moment of inertia is perpendicular to its velocity vector. Oblate shapes are easier to incline than spheroidal and prolate shapes. Pseudo Oumuamua is tested under different initial conditions. When rubble piles rotate so fast that centrifugal force exceeds self-gravity, they will break up. Pseudo 'Oumuamua's average lifetime before disruption is found to be about 5.05 Gyrs and the major axis is in alignment to around 93.5 • from its velocity vector at disruption. Considering the significant effect of interstellar medium,the excitedly tumbling motion of 'Oumuamua may result from its collision with interstellar medium. Rotation of asteroids in Oort Cloud may be dominated by ISM collision effect since YORP effect is quite weak at distance of 50000AU from the Sun.
INTRODUCTION
The first known interstellar object, 1I/2017 U1 (Oumuamua) was discovered by the Pan-STARRS survey in 2017 (Meech et al. 2017) . The light curve of Oumuamua shows that it is extremely elongated with the axial ratio of at least 6:1:1 (estimated at albedo of 0.1) and it is in an excited rotation around non-principal axis, which is also referred to tumbling (Jewitt et al 2017) . The origin of Oumuamua is still uncertain. A possible explanation is that Oumuamua is ejected from a planetary system (Raymond et al. 2018) .
Rotational dynamics is an important key to understand history and evolution of asteroids. There are several mechanisms that affect rotation of asteroids in solar system such as tidal effect caused by nearby objects with large mass, Yarkovsky-OKeefe-Radzievskii-Paddack ef-fect (YORP effect), collisions with other objects and internal energy dissipation due to inelastic deformation when rotating.
For interstellar asteroids, which are believed to spend a long time in interstellar space before discovered by human being, things are different. Tidal effect is believed to be unimportant since the possibility of encounters to a planetary system is extremely small due to the extremely low stellar density for the solar neighborhood. In the case of Oumuamua, the mean travel time in interstellar space before it get close to planetary system is estimated to 10 13 years (Ye et al. 2018) . As for YORP effect, it is also believed to be negligible due to the very dim starlight in interstellar space (Hoang et al. 2018) . Moreover, the possibility of collision with other interstellar objects is also quite small. The number density of interstellar objects like Oumuamua is estimated to be about 0.1AU −3 (Do et al. 2018) . The collision mean free path is l ∼ 1 πR 2 n ISO .
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Zhou Considering the velocity of Oumuamua is 20km s −1 , the expected mean collision time is t ∼ l/2v ∼ 10 14 years. Therefore, the collision between interstellar objects can also be neglected. In fact, the internal energy dissipation will cause a tumbling asteroid to alignment to the axis of maximum moment of inertia (Burns et al. 1973) . The damping timescale of Oumuamua is estimated to be 1 Gyr (Drahus et al. 2018) . However, when interstellar asteroids travel in interstellar space, they interact with interstellar medium all the time. To understand interstellar asteroid rotation evolution, it is significant to study how ISM affects interstellar objects.
Accretion and Erosion of the Surface
Interstellar gas and dust may cause the shape change of the interstellar asteroids. Bialy & Loeb (2018) mentions that the impacts on the surface of the asteroids by interstellar dust will increase the temperature at the collision point, resulting in erosion of materials on the surface. Whats more, the impact on the surface by interstellar gas will cause the accretion of surface controlled by a sticking factor f. Therefore, such a process of accretion and erosion will contribute to the shape change of asteroids. Stern (1986) derived the formula of the mass change caused by accretion:
Here µ p is the mass density of the proton in the interstellar space, f is the average sticking ratio, R is the equivalent radius of the projected area perpendicular to the direction of incident gas particles, v is the average velocity of the object with respect to the interstellar medium and t is the interaction time. As for the mass change caused by erosion, Vavilov & Medvedev (2019) shows that the interstellar object will lose 10mm per million years, requiring the grain mass is about 1.5 × 10 −5 grams. However, considering the fact that the mean grain mass near solar system is only 10 −13 grams, in this study we follow the formula derived by Stern (1986) , using the parameter, mean mass density µ gr to estimate the erosion:
µ gr is the mass density of interstellar grains in the interstellar space. α is ratio of evaporated mass of the object to the mass of incident grain, β is the ratio of ejected mass of the object to the mass of incident grain. Here if we consider dM ∼ ρ4πR 2 dR for a rough estimation, we can obtain
Here ρ is the mass density of the asteroid, which is set to be 1 g cm −3 . Thus,
where R 0 is the initial radius and t is the interaction time. Conservatively, µ is estimated to be 1.67 × 10 −21 kg m −3 and µ gr is estimated to be 1.67 × 10 −23 kg m −3 . Based on the results from Stern (1986) , we estimate f = 0.037, α = 2, and β is given by β = 5.5 × 10 −10 v 2 . In the case of Oumuamua, we take the average velocity relative to interstellar medium v as 20km s −1 , thus β = 2200. The equivalent radius of Oumuamua is around 50m. The change of the equivalent radius is shown in Figure 1 . Figure 1 shows that on the timescale of 100 Gyrs, the radius will reduce by about 1m, which is very small compared the initial radius. The rate of decrease in radius estimated by Bialy & Loeb (2018) is even smaller by two magnitudes if m/(ρA) = 50 meters is considered in their calculation. Therefore, we ignore the shape change of the objects caused by erosion in the simulation of this study.
Momentum Transfer
When interstellar gas collides with interstellar asteroids, they produce a mechanical force normal to the surface of interstellar asteroids, changing the velocity of the interstellar object. Bialy & Loeb (2018) states that Oumuamuas collision with interstellar medium can lead to momentum transfer, resulting in Oumuamua's slowing down. In fact, the change of velocity would be very tiny compared to the original velocity of interstellar asteorid. We can estimate the velocity change by the formula:
Thus, the objects velocity relative to interstellar medium
Figure 2. Change of the objects velocity with respect to interaction time is shown.
Even on the timescale of 100 Gyrs, the velocity would only reduce by about 0.159% as shown in Figure 2 . Thus, the velocity change caused by momentum exchange with interstellar medium is also negligible.
Angular Momentum Transfer
Since the shapes of interstellar asteroids are irregular, the torques produced by collision with interstellar medium would not be canceled by each other, resulting in a net torque. On a large timescale such as the travel time of the interstellar aseroid during the interstellar space, the net torque would change interstellar asteroids rotational statuss significantly. It is shown that for an irregular interstellar grain, the external mechanical torques can spin up the grain and lead to a suprathermal rotation (Lazarian & Hoang 2007) . Hoang et al. (2018) found that a highly irregular shape will strengthen the spin-up effect. According to (Hoang et at. 2019) , large dust grains can be spun up to disruption when the centrifugal stress due to rotation is larger than the maximum tensile stress that the dust can hold. It is shown that different dust models have different upper limit of size due to different tensile strengths (Hoang 2019) .
Torques produced by interstellar medium is similar to the mechanism of YORP effect, both of which are resulted from forces normal to the surface. YORP effect is believed to influence significantly the rotation evolution of asteroids (Rubincam 2000) such as changing the obliquity and angular velocity. Hoang et al. (2018) gave a rough estimation of the time before the interstellar asteroid disrupts using random walk formula. To have a deeper understanding of this angular momentum transfer effect caused by interstellar objects collision with interstellar medium, the torque curve is first introduced to this topic in this research and rotation evolution is studied by numerical simulation, using Gaussian random sphere as the shape model.
In Section 2, I introduce the main equations and shape models in the simulation. A highly elongated irregular shape is generated as pseudo Oumuamua. In Section 3, the results of torque curve and rotation evolution are shown. In Section 4, I compare the effect of interstellar medium collision with YORP effect considering the similar way they affect the asteroids rotation.
SIMULATION

Equations
The force exerted on the surface element is:
where m p is the mass of the proton, n p is the average number density of the proton in the interstellar space, v is the interstellar object's velocity vector relative to interstellar gas, n is the normal vector of the surface element, dS is the area of the surface element. γ is the reflection coefficient in range between 0 and 1 (1 represents perfect reflection). In this study, γ is taken as 1 for simplicity. The total torque exerted on the whole surface of the body is
Here r is the position vector of the surface element relative to the center of mass. Based on the assumption of previous research (Hoang et al. 2018) , the rotation of interstellar object's studied in this research is assumed to be a principal axis rotation for simplicity. In real cases, a complete rotational evolution includes non principal axis rotation, which is out of the scope of this study. In fact, the timescale for Oumuamua to damp into a major principal axis rotation is estimated to be 1 Gyr and the timescale in this study is about tens of Gyrs. Thus, the assumption of principal axis rotation is acceptable for an introductory study. Considering an object with moments of inertia ( A, B, C) with A < B < C, it rotates around its axis of maximum moment of inertia C.
In the body-fixed frame xyz, if we set z axis as the axis Zhou of maximum moment of inertia, the spin rate follows the equation:
while it changes its orientation to keep positive z direction along with angular moment vector. In this study, an average number density of interstellar gas is considered as 1 cm −3 . Then we can calculate the mean free path of collision between interstellar asteroids and interstellar gas l ∼ 1/σ H n p ∼ 1/10 −15 cm ∼ 10 10 km, which is much large than the typical radius of an asteroid or a comet. Therefore, the collisions between interstellar gas and interstellar asteroids should be studied through kinetic approach. According to Hoang et al. (2018) , when we consider the case that interstellar asteroids travel through a very dense gas cloud such as a protoplanetary disk where the number density of hydrogen atom could be 10 11 cm −3 , the gas should then be treated as fluid.
Shape Model
Gaussian random sphere model is introduced by Muinonen (2018) and has been proved useful in simulating dynamics of asteroids and comets with irregular surface (Vokrouhlick et al. 2007) . Considering a spherical coordinates system with the origin at the mass center of the body, the distance from the origin to the point on the surface is expressed as a function of the azimuthal angle φ and polar angle θ,
where a is the characteristic dimensional factor, σ is the variance, measuring the amplitude of deviation from sphericity. In the equation (11),
where P m l is the Legendre functions, the coefficients a lm and b lm are independent Gaussian random variables with zero mean and variance β 2 lm given by
And δ m0 is the Kronecker symbol. C l is given by
where α tells the angular scale of the deviations. In this study I set l equal to 10, σ equal to 0.3. I generate three typical shapes: spheroidal, oblate and prolate shapes by using about one thousand facets for each object as Figure 3 shows.
According to observation data, Oumuamua is extremely elongated with the demension ratio of at least 6:1:1 (Jewitt et al 2017) . I generate a pseudo Oumuamua with the dimension ratio about 7: 1: 1, where σ equal to 0.3 and the mean radius equal to 62.7 m, as shown in Figure 4 . The coordinate system xyz is body-fixed such that the object has the moments of inertia of ( A, B, C) with A < B < C. The obliquity Θ is defined as the angle between positive z direction and the objects velocity with respect to the interstellar medium ( or say, the opposite direction of incident gas particles if considering the object static). The torque mentioned in this paper is the averaged torque during one spin period since we have assumed principal axis rotation. The components of the torque perpendicular to the axis of maximum moment of inertia T x and T y will cause the change of obliquity. The component of the torque along the axis of maximum moment of inertia T z controls the spin acceleration. Dependent on whether T z is positive or negative, the object will spin up or down. Figure 5 shows that no matter which shape of the object, when the obliquity is 0 • or 180 • , T x and T y almost vanish. This is due to the cancellation of the T x and T y during a period of rotation around z axis. When the obliquity is around 90 • , the torque component in x-y plane vanish too for the same reason. In other cases, T x and T y are not zero, which means that the torque would cause the object incline. The direction of incline depends on the angle between torque and incident direction of particles. T z usually has two zero points, one between 0 • and 90 • and another between 90 • and 180 • . Zero points are not the same for different shapes and different irregularity of surface. T z does not vanish at 0 • or 180 • due to irregularity of the surface.
Since zero points of T x and T y curves means stability of orientation, the torque curves imply that the z axis of different shapes will ultimately be in alignment to 1) 90 • from the direction of incident particles (or say, perpendicular to its direction of velocity), or 2) 0 • or 180 • d from the direction of incident particles (or say, parallel or antiparallel to its direction of velocity). In the former case, the object keep spinning up since T z is positive at 90 degree, while in the latter case, the object will spinning down due to the negative T z . This will be illustrated through the simulation of its rotation evolution in next section.
For oblate objects, the torque component T x dominates significantly T z while prolate objects, as well as pseudo Oumuamua, show smaller variance between T x and T z . This implies oblate objects will incline more intensively and get into tumbling motion more easily. It is shown that oblate objects dissipates energy more slowly than prolate objects. Thus, the principal axis rotation may not applicable to oblates objects.However, the assumption of principal axis rotation still holds for highly elongated objects in view of long time evolution.
Rotation Evolution
As the torque component T z is not zero most of time, the objects will spin up or spin down dependent on whether T z is positive or negative. Thus there will be two different process of evolution, dependent on the initial direction of incident gas particles. One is that the object spins up ( sometimes it spin down a little bit first, as shown below) and end up with disruption when materials cannot hold the stress, while the other is that the object spins down to almost standstill and then starts another rotation process due to the external torques. Figure 6 shows that the object will finally be in alignment to the obliquity around 90 degree, and, even in some cases the object spin down at first, keep spinning up, which is consistent with the torque curve.
However, Figure 7 indicates that under some initial condition, the object will incline to a lower obliquity and spin down to a non-rotation status and then it will spin up again by the non-zero torques. In this case, after the nadir, the obliquity goes through an abrupt increase. Thats because when the angular momentum is almost zero, a tiny torque can produce a relatively big change in angular momentum, resulting in a big change in obliquity. It is not the real case since the assumption of non-principal axis rotation is quite weak when the angular velocity is small.
When the angular velocity is sufficiently high, the centrifugal force will cause the asteroid to break up. Thus there is a critical period of an asteroid, Pcrit, which is defined as the point where the centripetal force due to rotation is equal to the self-gravity of the object. According to Mcneill et al (2018) , the critical rotation period is given by P crit = 9.21( ρ 1 g cm −3 ) −0.5 hr.
The mass density of Oumuamua is constrained to be 1.5 g cm −3 < ρ < 2.8 g cm −3 (Mcneill et al 2018) . Therefore the lower limit of critical period is about 5.50 hours. In this study we set 5.50 hours to be the critical period of Oumuamua, conservatively, to estimate the disruption time of Oumuamua. I generate 100 × 100 points in parameter space (θ 0 , φ 0 ) with θ 0 from 0 • to 180 • and φ 0 from 0 • to 360 • and simulate their evolution. The results are shown in Figure 8 . The average final obliquity θ d is 93.5 • and time at disruption t d is around 5.05 Gyrs.
IMPLICATIONS
The way ISM affects asteroids rotation is quite similar to YORP effect, both of which are based on torques on surface. For the crude approximation of YORP effect, we can ignore the thermal inertia and assume a small value of the hemispheric albedo (Vokrouhlick & apek 
2002)
, the recoil force due to the thermally emitted radiation from the surface element is then given by
n is the outward normal vector to the surface element. n is the direction from the object to the Sun. And φ is the solar flux at the distance of the object from the Sun. Therefore, we can make a comparison between ISM-collision effect and YORP effect through the force df exerted on the surface element dS. In fact, collision with ISM is much weaker than YORP effects when discussing objects in main belt. However, since YORP effect declines very quickly with distance to the Sun increasing, collision with ISM may dominate asteroids rotation in Oort Cloud, which are 50000∼100000 AU away from the Sun. It is suggested that one to two percent of Oort Cloud population are asteroids (Weissman & Levison 1997) . At the distance of 50000AU, the ratio of YORP effect to ISM-collision effect is 0.38%. Figure 9 . Comparison between YORP effect and ISMcollision effect. The number density of interstellar gas is set to be the average in Milky Way, 0.1 cm −3 .
SUMMARY
When interstellar asteroids travel in interstellar space, they keep colliding with interstellar medium. Although the effects are very weak, when considering a large timescale as billions of years, they can make difference on asteroids status, especially on asteroids rotation. In fact, interstellar medium may cause the accretion and erosion of the surface on asteroids, however, this effect is quite small and almost cannot change the asteroids shape significantly in tens of Gyrs except for some ex-treme situations such as a dust cloud with grains mass about 10 −5 grams (Vavilov & Medvedev 2019) . The influence on translational velocity of the asteroid is also negligible since only a decrease of 0.159 percent in velocity will be caused in 10 11 years.
The torques produced by collision with interstellar medium will cause the asteroids spin up and finally disrupt. This study explore this effect by numerical simulation with assumptions of principal axis rotation and a constant shape. Following Gaussian random sphere method, I generate several spheroidal, oblate, prolate shapes. According to observation result, I generate a pseudo Oumuamua with dimension ratio about 7:1:1. The results show that different shapes have different reaction to ISM-effect. For example, the oblate shapes may incline much quicker than spinning up. After sufficient collision time, the axis of maximum moment of inertia of the asteroid will ultimately be in alignment to the direction perpendicular to its velocity vector. Dependent on different initial conditions, the asteroid will spin up or spin down. Due to the limitation of this simulation, cases of spinning down to non-rotation status cannot be described properly. As for those that spins up in the simulation of pseudo Oumuamua, the average time at disruption is 5.05 Gyrs and the obliquity at disruption is about 93.5 • . Because YORP effects work weakly far from the Sun, the ISM-effect may dominate the rotation evolution in Oort Cloud. As shown in Figure 9 , the YORP effect is only about 0.38% of ISM-effect at the distance of 50000 AU from the Sun. ACKNOWLEDGMENTS I would like to thank my supervisor Meng Su and Xiaojia Zhang for valuable discussions during the early stage of study, Michael Efroimsky for discussions regarding asteroids' internal energy dissipation, Xiaoran Yan for discussions about polyhedron modeling and YORP effect, Yun Zhang for help with disruption of rubble piles.
